Understanding the permeability of small molecules across bacterial cell envelopes represents a major current challenge in antibiotic drug discovery and development. While a variety of empirical guidelines have been developed to predict oral bioavailability^[@ref1],[@ref2]^ and, by extension, cell permeability, most of the drugs that served as the basis for these rules address targets in human eukaryotic cells. In contrast, bacteria have vastly different membrane architectures compared to those of eukaryotic cells, suggesting that the structural and physicochemical properties that govern compound permeability may also differ greatly. Indeed, antibacterials typically have different physicochemical properties compared to other drug classes, such as higher molecular weight and increased polarity, and often violate rules established for oral bioavailability.^[@ref3]^ As a result, the structural bias in current small-molecule screening collections toward compounds that address human targets may contribute to the low success rates of such collections in antibacterial drug discovery.^[@ref4]^ Thus, the development of quantitative tools to predict small-molecule permeability *specifically in bacteria* would enable rational chemical approaches to improve screening collections and facilitate lead optimization in the antibacterial arena.^[@ref5]^

The bacterial cell envelope is a major barrier that limits the passage of small molecules into the cytoplasm and contributes to intrinsic antibiotic resistance.^[@ref6]^ Bacterial membranes vary in complexity depending on lipid composition and embedded channels. Gram-positive bacteria have a relatively simple membrane that is composed of lipoteichoic acids and generally considered to allow passage of nutrients and small molecules.^[@ref7]^ The outer membrane of Gram-negative bacteria is composed of anionic lipid polysaccharides, which limits permeation of hydrophobic drugs.^[@ref6]^ However, Gram-negative bacteria are permeable to hydrophilic small molecules via nonspecific porins; to bile salts, quaternary ammonium salts, and other cations via self-promoted uptake; and to specific compounds such as vitamin B12 and ferric siderophore complexes via dedicated transporters.^[@ref6],[@ref8]^ Mycobacteria have a cellular envelope high in lipid content and composed of mycolic acids. The mycobacterial envelope is somewhat permeable to hydrophobic molecules via passive diffusion and to hydrophilic molecules through porins that are smaller and less abundant than those in Gram-negative bacteria.^[@ref9]^ In addition, efflux pumps are ubiquitous throughout bacteria and expel a wide array of structurally distinct substrates, further contributing to decreased drug accumulation and increased antibiotic resistance.^[@ref10]^

Permeability of small molecules through bacterial cell envelopes remains enigmatic. Previous studies have been limited to only a few classes of known antibiotics and have typically focused on the influences of hydrophobicity and molecular size. For example, an early investigation demonstrated that more hydrophobic β-lactams showed decreased rates of diffusion in *Escherichia coli*.^[@ref11]^ More hydrophobic quinolones have been shown to accumulate at lower levels in *Pseudomonas aeruginosa*,^[@ref12]^*E. coli*,^[@ref12]^*Streptococcus pneumoniae*,^[@ref13]^ and *Mycobacterium tuberculosis*([@ref14]) but at higher levels in *Staphylococcus aureus*.^[@ref12]^ Lower molecular-weight quinolones have also been reported to accumulate more readily in *S. pneumoniae*,^[@ref13]^*Bacteroides fragilis*,^[@ref15]^ and *M. tuberculosis*.^[@ref14]^

Given this limited information, we envisioned that evaluation of a wider range of structural and physicochemical properties that might influence bacterial penetration would enable the development of robust, predictive rules for antibacterial design. Toward this end, we report herein an integrated platform for quantitative analysis of small-molecule permeability in bacteria. As an initial demonstration of this platform, we synthesized a panel of 10 sulfonyladenosine probes and prospectively quantitated their accumulation in Gram-negative, Gram-positive, and mycobacteria using LC-MS/MS.^[@ref16]^ Inspired by the sulfamoyladenosine natural products, ascamycin and nucleocidin,^[@ref17],[@ref18]^ sulfonyladenosines were originally developed as inhibitors of bacterial aminoacyl-tRNA synthetases.^[@ref19]−[@ref21]^ More recently, we and others have advanced this class as potential antibacterials targeting adenylation enzymes involved in bacterial siderophore biosynthesis,^[@ref22]−[@ref24]^ menaquinone biosynthesis,^[@ref25],[@ref26]^ phenolic glycolipid biosynthesis,^[@ref27]^ pantothenate biosynthesis,^[@ref28]^ and lipid metabolism.^[@ref29],[@ref100]^ Notably, the cellular activity of these compounds varies widely, presumably due to poor bacterial penetration in some cases. We then used Pearson pairwise correlations and principal component analysis (PCA) to identify associations between 20 structural and physicochemical properties and sulfonyladenosine accumulation and efflux sensitivity, revealing nonobvious correlations that varied between three bacteria. The development of this analysis platform sets the stage for larger, systematic, prospective studies of these and other compound classes across a broader array of bacteria to identify robust correlations that will ultimately enable the development of predictive rules for small-molecule permeability in bacteria.

Results and Discussion {#sec2}
======================

Cheminformatic Analysis of Antibacterial and Nonantiinfective Drugs {#sec2.1}
-------------------------------------------------------------------

Antibacterials are known to differ greatly in molecular size and polarity compared to other drug classes.^[@ref3],[@ref4]^ To evaluate a wider range of structural and physicochemical parameters that might provide the basis for a multivariate model, we used PCA, a mathematical method for reducing the dimensionality of multivariable data sets with minimal loss of information.^[@ref30]^ In PCA, the original variables are rotated onto new orthogonal, uncorrelated axes called principal components (PC) that are linear combinations of the original variables and represent decreasing proportions of the total variance in the complete data set. We and others have used PCA to evaluate the structural diversity of natural-product-inspired libraries, natural products, and synthetic drugs,^[@ref31],[@ref32]^ and to correlate biological activity with chemical structure.^[@ref33]^

We analyzed 91 structurally diverse antibacterials and 50 top-selling, brand-name, nonantiinfective drugs (Table S1, [Supporting Information](#notes-1){ref-type="notes"}) for 20 structural and physicochemical parameters (Table S2, [Supporting Information](#notes-1){ref-type="notes"}) in PCA (Figure [1](#fig1){ref-type="fig"}A and Figure S1, [Supporting Information](#notes-1){ref-type="notes"}).^[@ref32]^ This multivariate analysis indicated that antibacterials have substantially different and more varied structural and physicochemical properties compared to other drug classes. On average, the antibacterials were larger and more hydrophilic than the nonantiinfectives (Table S3, [Supporting Information](#notes-1){ref-type="notes"}), consistent with a previous report by O'Shea and Moser,^[@ref3]^ and also had more stereochemical content compared to the nonantiinfectives. In the PCA plot, quinolones, oxazolidinones, and sulfa drugs were most closely aligned with the nonantiinfective drugs, while β-lactams were positioned at the interface between the nonantiinfectives and the majority of other antibacterials. In contrast, larger glycopeptide, lipopeptide, aminoglycoside, and macrolide antibiotics occupied extreme regions of the plot. Examination of loading plots (Figure [1](#fig1){ref-type="fig"}B and Figure S2, [Supporting Information](#notes-1){ref-type="notes"}) revealed that parameters associated with size (molecular weight (MW) and surface area (SA)) shift molecules in the positive direction (right and up) along the PC1 and PC2 axes. Hydrophobicity (LogD, ALogPs) shifts molecules left and up along PC1 and PC2, while solubility (ALogpS, relative polar surface area (relPSA)) has opposite effects. Parameters associated with three-dimensional structure (stereocenter count (nStereo), stereochemical density (nStMW), and sp^3^ content (Fsp^3^)) shift molecules to the right along PC1 and in the negative direction along PC3. Thus, the observed differences in chemical property space between antibacterials and nonantiinfectives explain why rules for predicting oral bioavailability for drugs with eukaryotic targets are insufficient for predicting cell permeability in bacteria.

![Antibacterials have distinct structural and physicochemical properties compared to those of nonantiinfective drugs. (A) Principal component analysis (PCA) of 91 antibacterials and 50 top-selling nonantiinfective drugs (Drugs) using 20 structural and physicochemical parameters; percent contribution for each principal component indicated on the axes; AVG = hypothetical average for compound class. (B) PCA loading plot showing component loadings of 20 structural/physicochemical parameters used in the PCA; ALogPs = log *P*; ALogpS = log *S*; Fsp3 = fraction sp^3^ carbons; HBA = hydrogen-bond acceptors; HBD = hydrogen-bond donors; MW = molecular weight; N = nitrogens; nStereo = stereocenters; nStMW = stereochemical density (nStereo ÷ MW); O = oxygens; relPSA = relative polar surface area; RngAr = aryl rings; RngLg = largest ring size; RngSys = ring systems; RRSys = rings per ring system, SA = van der Waals surface area; tPSA = topological polar surface area. See Tables S1 and S2 ([Supporting Information](#notes-1){ref-type="notes"}) for lists of compounds and parameters and Figures S1 and S2 ([Supporting Information](#notes-1){ref-type="notes"}) for PCA and loading plots with PC3.](cb-2014-003015_0001){#fig1}

LC-MS/MS Quantitation of Compound Accumulation {#sec2.2}
----------------------------------------------

To begin investigating the physicochemical properties that influence small-molecule permeability specifically in bacteria, we used LC-MS/MS to quantitate compound accumulation in bacterial cells.^[@ref16]^ Several other methods have been used previously for this purpose but are restricted to specific drug classes or require the synthesis of labeled variants of the analyte of interest.^[@ref9],[@ref11]−[@ref15],[@ref34]−[@ref37]^ In contrast, LC-MS/MS provides a general method to measure compound concentrations relative to an internal standard.^[@ref16]^ Importantly, in contrast to stable-isotope dilution MS,^[@ref38]^ an isotopically labeled variant of the analyte is not required, and an unlabeled analogue can instead be used as the internal standard.

We initially evaluated this LC-MS/MS quantitation method using salicyl-AMS (**1**) as an analyte (Figure [2](#fig2){ref-type="fig"}). We have previously demonstrated that this compound inhibits intracellular enzymes in *M. tuberculosis* and *Yersinia pestis* that are required for siderophore biosynthesis.^[@ref22]^ For these pilot studies, we measured salicyl-AMS accumulation in *E. coli* because this bacterium has been used frequently in previous analyses of compound permeability.^[@ref12],[@ref34],[@ref35]^ We determined that salicyl-AMS was quantifiable from 0.0025--100 μM (4.6 logs) in PBS (Figure S3, [Supporting Information](#notes-1){ref-type="notes"}). We then treated *E. coli* with salicyl-AMS (100 μM, 30 min, tryptic soy broth). The cells were centrifuged, washed, and lysed, then salicyl-AMS concentrations were determined in all fractions by LC-MS/MS. The intracellular concentration was calculated from the lysate concentration based on CFU determination. Under these conditions, *E. coli* accumulated salicyl-AMS at 25 μM intracellular concentration (Figure [2](#fig2){ref-type="fig"}A). We note that Aldrich and co-workers have reported that salicyl-AMS is inactive against *E. coli*,^[@ref51]^ citing unpublished results, so it is possible that this may be due to effects other than permeability.

![Pilot experiments with salicyl-AMS accumulation in *E. coli* validate the feasibility of the LC-MS/MS method for quantitating small-molecule uptake in bacteria. (A) Accumulation of salicyl-AMS in *E. coli* (100 μM extracellular, 30 min, tryptic soy broth) and impacts of efflux pump inhibitors. Statistical significance compared to salicyl-AMS alone assessed using one-way ANOVA and Tukey's multiple comparison test with 95% confidence intervals: \*\*\**p* \< 0.001. CCCP = carbonyl cyanide *m*-chlorophenylhydrazone; PAβN = phenylalanine arginine-β-naphthylamide. (B) Concentration of intracellular salicyl-AMS as a function of extracellular salicyl-AMS concentration applied (20 min, PBS). (C) Kinetics of salicyl-AMS accumulation (100 μM extracellular, PBS) in the presence and absence of CCCP (100 μM). (D) Kinetics of salicyl-AMS export from preloaded cells (100 μM extracellular, 15 min, PBS) via passive diffusion (CCCP, 100 μM) and active efflux (glucose, 0.2%). Data reported as the mean ± SD for 4 experiments (panel A) or 3 experiments (panels B--D).](cb-2014-003015_0002){#fig2}

Impact of Efflux Pumps on Salicyl-AMS Accumulation in *E. coli* {#sec2.3}
---------------------------------------------------------------

The *E. coli* genome encodes an estimated 37 efflux transporters.^[@ref39]^ The AcrAB-TolC efflux pump is constitutively expressed in *E. coli* and is regarded as a major contributor to multidrug resistance.^[@ref39]^ To assess the role that this pump may play in salicyl-AMS accumulation levels, we pretreated *E. coli* with phenylalanine arginine-β-naphthylamide (PAβN, 38 μM, tryptic soy broth) to inhibit AcrAB-TolC,^[@ref40]^ followed by the addition of salicyl-AMS (100 μM). Intracellular levels of salicyl-AMS did not increase significantly in the presence of PAβN, suggesting that this compound may not be a substrate for AcrAB-TolC (Figure [2](#fig2){ref-type="fig"}A). To assess the roles that other efflux pumps may play in salicyl-AMS accumulation levels, we pretreated *E. coli* with carbonyl cyanide *m*-chlorophenylhydrazone (CCCP, 100 μM) to collapse the proton-motive force (pmf) that energizes most efflux pumps.^[@ref41]^ Under these conditions, intracellular levels of salicyl-AMS increased 4-fold (107 μM), suggesting that this compound is a substrate for other efflux pumps (Figure [2](#fig2){ref-type="fig"}A). Importantly, this observed differential accumulation supports our assumption that our assay protocol measures intracellular salicyl-AMS rather than the residual membrane-associated compound since the latter would not be impacted by efflux pump activity.^[@ref14]^

Concentration Dependence of Salicyl-AMS Accumulation in *E. coli* {#sec2.4}
-----------------------------------------------------------------

Next, to investigate the concentration dependence of compound accumulation we treated *E. coli* with varying concentrations of salicyl-AMS (0.01--1000 μM, 20 min, PBS). Treating cells with as little as 0.01 μM extracellular salicyl-AMS resulted in the detection of 2.0 μM intracellular salicyl-AMS (Figure [2](#fig2){ref-type="fig"}B). Interestingly, the intracellular levels of salicyl-AMS remained constant up to 1 μM extracellular concentration, then increased linearly at extracellular concentrations between 10--1000 μM. Notably, at 100 μM extracellular concentration, salicyl-AMS accumulated to much higher levels in PBS (75 μM) than in the nutrient rich media above. It is possible that depriving cells of nutrients may promote salicyl-AMS uptake via upregulation of transporters or other unknown mechanisms. The unexpected observation that intracellular levels exceeded extracellular levels at the low end of the concentration curve suggests that active import or Donnan potential-driven passive diffusion may play a role in compound accumulation at these lower concentrations.^[@ref16],[@ref39],[@ref41]−[@ref43]^

Kinetics of Salicyl-AMS Accumulation in *E. coli* {#sec2.5}
-------------------------------------------------

To assess the kinetics of salicyl-AMS uptake in *E. coli*, we treated cells with salicyl-AMS (100 μM) for varying times (0--60 min), then measured intracellular compound levels. These experiments were carried out in PBS to eliminate consideration of cell doubling. Salicyl-AMS rapidly accumulated within the first 5 min, peaked at 15 min, and declined thereafter (Figure [2](#fig2){ref-type="fig"}C). This general trend is consistent with that reported for ciprofloxacin accumulation in *P. aeruginosa*.^[@ref16]^ Having shown above that CCCP increases salicyl-AMS accumulation in the single time point experiment above (Figure [2](#fig2){ref-type="fig"}A), we assessed the effect of pretreating cells with CCCP (100 μM) on uptake kinetics. Under these conditions, salicyl-AMS accumulated more quickly and to higher concentrations than in the absence of CCCP, reaching a maximum within 5--15 min and remaining at this level after longer incubation times, again consistent with a role for efflux pumps in determining the rate and levels of salicyl-AMS accumulation in *E. coli*.

Kinetics of Salicyl-AMS Passive Diffusion and Active Efflux out of *E. coli* {#sec2.6}
----------------------------------------------------------------------------

To assess the rate of salicyl-AMS passive diffusion out of *E. coli*, we preloaded cells with salicyl-AMS (100 μM) in the presence of CCCP (100 μM). These cells were then resuspended in PBS containing CCCP (100 μM) for various times (5--60 min, 37 °C) to allow salicyl-AMS to diffuse out passively. Analysis of intracellular salicyl-AMS levels over time revealed rapid passive diffusion (31% remaining after 5 min) (Figure [2](#fig2){ref-type="fig"}D). Next, to assess the impact of active, pump-mediated efflux on the rate of compound export, we resuspended salicyl-AMS--preloaded cells in PBS containing 0.2% glucose instead of CCCP, to reactivate pmf-driven efflux pumps.^[@ref41]^ Under these conditions, the compound was expelled more rapidly (10% remaining after 5 min). The observed time course is consistent with that reported for active efflux of norfloxacin from *E. coli* (∼60% cell-associated norfloxacin remaining after 1.5 min).^[@ref44]^

Systematic Analysis of Sulfonyladenosine Accumulation in Bacteria {#sec2.7}
-----------------------------------------------------------------

Next, we sought to test a broader array of sulfonyladenosines to assess the impacts of structural and physicochemical properties on bacterial accumulation. Toward this end, we synthesized a panel of nine additional sulfonyladenosines to provide a structurally diverse panel (Figure [3](#fig3){ref-type="fig"} and Table S4, [Supporting Information](#notes-1){ref-type="notes"}). Unsubstituted sulfamoyladenosine (**2**) is a known cytotoxic antibiotic^[@ref45]^ and served as a basis for comparison of the other analogues, which were all *N*-acylated. Along with salicyl-AMS (**1**), benzoyl-AMS (**8**), anthranilyl-AMS (**6**), and OSB-AMS (**7**) were also of interest because they have been investigated as potential antibacterials.^[@ref25],[@ref46]^ Meanwhile, the zwitterionic [l]{.smallcaps}-alanyl-AMS (**3**) and the anionic [l]{.smallcaps}-lactyl-AMS (**4**) were selected to probe the specific influence of charge on bacterial permeability^[@ref41]^ since they have otherwise similar physicochemical properties. 4-Phenylbenzoyl-AMS (**9**) and decanoyl-AMS (**10**) have similar hydrophobicity and polarity and were selected to test the specific influence of rotatable bonds on bacterial permeability because such molecular flexibility has been inversely correlated with oral bioavailability in eukaryotic cells.^[@ref2]^ Finally, methyl-succinyl-AMS (**5**) was designed as a compound with a combination of intermediate properties compared to the rest of the panel. In a PCA with the collection of diverse antibacterials and nonantiinfectives using the 20 structural and physicochemical parameters discussed earlier, the 10 sulfonyladenosines clustered just outside the region of the plot occupied by nonantiinfectives, overlapping with β-lactam antibiotics (Figures S4 and S5, [Supporting Information](#notes-1){ref-type="notes"}).

![Structures of 10 sulfonyladenosines with different structural and physicochemical properties for bacterial accumulation studies. Compounds are arranged in order of increasing ALogPs, except for H-AMS. See Table S4 ([Supporting Information](#notes-1){ref-type="notes"}) for a complete list of 20 structural and physicochemical properties for each compound; H-AMS = sulfamoyladenosine (adenosine monosulfamate), [l]{.smallcaps}-Ala = [l]{.smallcaps}-alanyl, anthra = anthranilyl, Bz = benzoyl, dec = decanoyl, [l]{.smallcaps}-Lac = [l]{.smallcaps}-lactyl, Me-suc = methyl succinyl, OSB = *o*-succinylbenzoate, 4-PhBz = 4-phenylbenzoyl, and sal = salicyl.](cb-2014-003015_0003){#fig3}

We then assayed compound accumulation of this panel of sulfonyladenosines in three bacteria with distinct cellular envelopes: *E. coli* (Gram negative), *Bacillus subtilis* (Gram positive), and *Mycobacterium smegmatis* (Figure [4](#fig4){ref-type="fig"}A--C). In *E. coli*, sulfamoyladenosine (**2**) accumulated to 25 μM intracellular concentration (Figure [4](#fig4){ref-type="fig"}A). Meanwhile, among the other two most polar analogues, [l]{.smallcaps}-alanyl-AMS (**3**) did not accumulate to detectable levels (linear range of detection 0.05--100 μM) (Figure [4](#fig4){ref-type="fig"}A), but [l]{.smallcaps}-lactyl-AMS (**4**) accumulated to 51 μM, even higher than sulfamoyladenosine. Among the most hydrophobic analogues, decanoyl-AMS (**10**) accumulated to 99 μM, 2-fold lower than 4-phenylbenzoyl-AMS (**9**) at 184 μM, which is slightly less hydrophobic. These results indicate that polarity alone is insufficient to predict permeability in *E. coli* accurately.

![Accumulation of 10 sulfonyladenosines in bacteria with distinct membrane architectures. Uptake of sulfonyladenosines (100 μM) in (A) *E. coli*, (B) *B. subtilis*, and (C) *M. smegmatis*. Compounds are arranged left-to-right in order of increasing ALogPs values, except H-AMS. Data are reported as the mean ± SD for 4 experiments. Statistical significance was assessed using two-tailed unpaired *t-*test with 95% confidence intervals: \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001. See Figure S6 ([Supporting Information](#notes-1){ref-type="notes"}) for pairwise comparisons between the three bacteria for each compound.](cb-2014-003015_0004){#fig4}

In *B. subtilis*, sulfamoyladenosine (**2**) and [l]{.smallcaps}-lactyl-AMS (**4**) accumulated to levels comparable to those observed in *E. coli* (Figure [4](#fig4){ref-type="fig"}B and Figure S6, [Supporting Information](#notes-1){ref-type="notes"}), while [l]{.smallcaps}-alanyl-AMS (**3**) again did not accumulate to detectable levels (\<50 nM). In marked contrast to *E. coli*, decanoyl-AMS (**10**) accumulated to 205 μM, 2-fold *higher* than 4-phenylbenzoyl-AMS (**9**) at 98 μM. Compared to *E. coli*, the accumulation levels of OSB-AMS (**7**) were also significantly higher, while the levels of benzoyl-AMS (**8**) were significantly lower, highlighting the differences in permeability patterns between bacteria with different membrane structures (Figure S6, [Supporting Information](#notes-1){ref-type="notes"}).

In *M. smegmatis*, sulfamoyladenosine (**2**) accumulated to levels comparable to those observed in *E. coli* (Figure [4](#fig4){ref-type="fig"}C and Figure S6, [Supporting Information](#notes-1){ref-type="notes"}), while [l]{.smallcaps}-lactyl-AMS (**4**) accumulated to a similar concentration, which was 2-fold lower than that in *E. coli*. [l]{.smallcaps}-Alanyl-AMS (**3**) again did not accumulate to detectable levels (\<50 nM). Among the hydrophobic analogues, decanoyl-AMS (**10**) accumulated to 4-fold lower levels than 4-phenylbenzoyl-AMS (**9**), comparable to the much more polar sulfamoyladenosine (**2**). Interestingly, the aroyl-AMS compounds benzoyl-AMS (**8**), salicyl-AMS (**1**), anthranilyl-AMS (**6**), and 4-phenylbenzoyl-AMS (**9**) accumulated to comparable cellular concentrations, despite their differing hydrophobicities. These results again highlight the differences in permeability patterns between bacteria and the inability to predict permeability based on polarity alone.

Taken together, these data indicate that hydrophobicity is insufficient to predict compound accumulation in bacteria and that other structural and physicochemical parameters likely influence compound uptake. Indeed, some of the more polar analogues accumulated to levels comparable to some of the more hydrophobic analogues. Further, small-molecule permeability patterns clearly differ across bacteria with distinct membrane architectures, necessitating directed studies of each bacterium of interest. No general trends toward greater or lesser permeability were apparent between the different bacteria, with accumulation levels varying on a compound-by-compound basis (cf. benzoyl-AMS (**8**) vs decanoyl-AMS (**10**)).

Multivariate Analyses of Sulfonyladenosine Structural Properties and Accumulation {#sec2.8}
---------------------------------------------------------------------------------

To identify nonobvious structural and physicochemical properties that correlate with accumulation of the sulfonyladenosines, we conducted PCA of the 10-compound panel using the same 20 chemical parameters in the larger analysis above (Figure [1](#fig1){ref-type="fig"}) plus the average intracellular concentrations determined in the compound accumulation studies for each bacterium (Figure [4](#fig4){ref-type="fig"}). Because PCA is sensitive to outliers, particularly for small data sets,^[@ref30]^ we confirmed in a separate PCA that the 10 sulfonyladenosines alone (Figure S7, [Supporting Information](#notes-1){ref-type="notes"}) had similar relative positions compared to those in the larger PCA above that included nonantiinfectives and other antibiotics ([Figure S4--S5, Supporting Information](#notes-1){ref-type="notes"}). Moreover, removal of [l]{.smallcaps}-alanyl-AMS (**3**) did not affect the relative positions of the remaining compounds in the PCA. Addition of the compound accumulation parameters to the PCAs likewise did not substantially alter the relative positions of the compounds compared to the PCA carried out using only the 20 chemical parameters. Taken together, these results support the robustness of the 10-compound analyses.

In *E. coli*, the top three accumulators (4-phenylbenzoyl-AMS (**9**) \> decanoyl-AMS (**10**) \> benzoyl-AMS (**8**)) clustered in the bottom right quadrant of the PC1 vs PC2 biplot (Figure [5](#fig5){ref-type="fig"}A). The *E. coli* accumulation parameter also clustered with hydrophobicity parameters (ALogPs, LogP, and LogD) in this quadrant of the biplot, far from parameters associated with polarity (tPSA, HBA, HBD, O, ALogpS, and relPSA).

![Multivariate analyses reveal correlations between sulfonyladenosine bacterial accumulation with structural and physicochemical parameters. PCA biplots showing relationships between 10 sulfonyladenosines, 20 structural and physicochemical descriptors, and accumulation in (A) *E. coli*, (B) *B. subtilis*, and (C) *M. smegmatis*; average sulfonyladenosine cellular concentration (μM) is noted in parentheses; ▲ = sulfonyladenosines; ● = physicochemical parameters; ■ = accumulation parameter; expanded PCA biplots for each bacterium are in Figures S8--S10 ([Supporting Information](#notes-1){ref-type="notes"}).](cb-2014-003015_0005){#fig5}

While PCA allows qualitative assessment of correlations between parameters based on their proximity in the component loading plots, some information is inherently lost during the process of dimensionality reduction. Thus, we also analyzed the data set for Pearson pairwise correlations to provide a quantitative assessment of the impact of each of the 20 chemical parameters individually upon permeability. Consistent with the qualitative PCA, accumulation in *E. coli* was significantly positively correlated with hydrophobicity (LogD, LogP, and ALogPs) and significantly negatively correlated with polarity (ALogpS and relPSA) (Figure [6](#fig6){ref-type="fig"}). Notably, however, the Pearson correlations also revealed additional positive correlations with ring content (Rings, RngAr and RngSys) and size (MW and SA), and additional negative correlations with ring complexity (RRSys), hydrogen bonding capacity (HBA and HBD), heteroatom counts (O and N), and three-dimensional topology (nStereo, nStMW, and Fsp^3^).

![Heat map of Pearson pairwise correlation coefficients of bacterial accumulation and structural/physicochemical properties. Positive correlations are in red and negative correlations are in blue; correlations in bold are statistically significant as assessed using a two-tailed unpaired *t*-test and 95% confidence intervals (*p* \< 0.05).](cb-2014-003015_0006){#fig6}

In *B. subtilis*, the top three accumulators (decanoyl-AMS (**10**) \> 4-phenylbenzoyl-AMS (**9**) \> OSB-AMS (**7**)) fell furthest to the right side of the PC1 vs PC2 biplot but were widely scattered (Figure [5](#fig5){ref-type="fig"}B). The *B. subtilis* accumulation parameter again fell in the lower right quadrant of the biplot, clustering with hydrophobicity parameters (ALogPs, LogP, and LogD), as well as rotatable bonds (RotB) and surface area (SA). Parameters associated with polarity (ALogpS, relPSA, and tPSA) and hydrogen bonding capacity (HBA, HBD, and O) were again distant. Examination of Pearson correlations confirmed these observations, with accumulation in *B. subtilis* being significantly positively correlated with not only hydrophobicity (LogP and ALogPs) but also size (SA) and rotatable bonds (RotB), while still being significantly negatively correlated with polarity (ALogpS and relPSA) (Figure [6](#fig6){ref-type="fig"}). Further, in contrast to *E. coli* accumulation, *B. subtilis* accumulation was essentially uncorrelated with hydrogen bonding capacity (HBA and HBD) and ring content (Rings, RngAr, and RngSys).

The Pearson analysis also revealed that certain physicochemical parameters are inherently correlated with each other (Figure S11, [Supporting Information](#notes-1){ref-type="notes"}). For example, there were strong positive correlations between descriptors for size, hydrophobicity, conformational flexibility, and ring content. In contrast, each of these descriptors was negatively correlated with descriptors for polarity. Given the correlations between descriptors themselves, some of the observed correlations between accumulation in *E. coli* and *B. subtilis* and physicochemical parameters are not surprising. However, accumulation in *B. subtilis* did not correlate with ring content (Rings, RngAr, and RngSys), in spite of inherent positive correlations among ring content, hydrophobicity, and size. Based on this result, the correlations with accumulation are unlikely to be a mere consequence of the inherent correlations between the descriptors themselves.

In *M. smegmatis*, the top four accumulators (benzoyl-AMS (**8**) \> 4-phenylbenzoyl-AMS (**9**) \> salicyl-AMS (**1**) \> anthranilyl-AMS (**6**)) clustered on the right side of the PC1 vs PC2 biplot (Figure [5](#fig5){ref-type="fig"}C). The *M. smegmatis* accumulation parameter fell in the lower right quadrant of the biplot, clustering again with hydrophobicity parameters (ALogPs, LogP, and LogD), as well as parameters for ring content (Rings, RngAr, and RngSys) and rotatable bonds (RotB). The Pearson pairwise analysis confirmed significant positive correlations between accumulation and ring content, as well as positive correlations with hydrophobicity (Figure [6](#fig6){ref-type="fig"}). However, accumulation was actually negatively correlated with rotatable bonds due to opposite positioning along the PC3 axis (Figure S10, [Supporting Information](#notes-1){ref-type="notes"}). This was not apparent from the PC1 vs PC2 biplot, highlighting the inherent loss of information due to dimensionality reduction in PCA and the value of Pearson analysis in assessing all 20 parameters individually. Significant negative correlations with ring system complexity (RRSys) and sp^3^ content (Fsp^3^) were also identified that were not obvious from the PCA biplot. In contrast to *B. subtilis* and *E. coli*, the Pearson coefficients revealed that accumulation in *M. smegmatis* was not strongly correlated with size (MW and SA) and was also generally more weakly correlated with hydrophobicity and polarity.

Importantly, these multivariate analyses help to rationalize the observed differences in sulfonyladenosine accumulation across the bacteria. It is not surprising that salicyl-AMS (**1**) and anthranilyl-AMS (**6**) accumulated to similar levels in each bacterium since they have similar physicochemical properties. However, benzoyl-AMS (**8**) also appears to have generally similar physicochemical properties but accumulated to higher levels in *E. coli* but lower levels in *B. subtilis*. The increased accumulation of benzoyl-AMS in *E. coli* relative to salicyl-AMS and anthranilyl-AMS may be due to its lower heteroatom count and decreased hydrogen bonding capacity since these properties negatively correlated with accumulation.

[l]{.smallcaps}-Alanyl-AMS (**3**) and [l]{.smallcaps}-lactyl-AMS (**4**) also have generally similar physicochemical properties, but only the latter penetrated all three bacteria, highlighting the influence of charge on sulfonyladenosine permeability, with the former compound being zwitterionic, while the latter is anionic at the sulfamate nitrogen. It is also possible that [l]{.smallcaps}-lactyl-AMS may perturb the outer membrane in a manner similar to lactic acid, a known permeabilizer of the outer membrane in Gram-negative bacteria.^[@ref47]^

Moreover, OSB-AMS (**7**) and methyl-succinyl-AMS (**5**) are similar in solubility, polar surface area, relative polar surface area, and rotatable bonds, but the higher intracellular levels of OSB-AMS in *E. coli* and *B. subtilis* may be explained by its larger size, with which accumulation correlated positively. The higher accumulation of OSB-AMS in *E. coli* compared to that of methyl-succinyl-AMS may also be influenced by its higher ring content, with which accumulation also correlated positively. In *M. smegmatis*, these two compounds accumulated to comparable levels, highlighting a counterbalance between multiple physicochemical properties in this bacterium: correlations with ring content and sp^3^ content would predict higher accumulation of OSB-AMS than methyl-succinyl-AMS, but correlations with oxygen content and hydrogen bond acceptors would predict the converse.

Decanoyl-AMS (**10**) and 4-phenylbenzoyl-AMS (**9**) have similar hydrophobicities but are substantially different in terms of sp^3^ content, rotatable bond count, and ring content. Decanoyl-AMS has more three-dimensional structure (RotB, Fsp^3^), which correlates positively with accumulation in *B. subtilis* but negatively with accumulation in *M. smegmatis* and has mixed correlations in *E. coli*, consistent with the observed intracellular concentrations. Meanwhile, 4-phenylbenzoyl-AMS has higher ring content (Rings, RngAr, and RngSys), which may be associated with its higher accumulation in *E. coli* and *M. smegmatis*.

To assess whether the correlations identified in the PCA and Pearson pairwise analyses would also apply to sulfonyladenosines with structural variations at a different position, we synthesized two additional salicyl-AMS analogues with phenyl and phenylamino substituents at the C2 position of the adenine ring (Figure S12, [Supporting Information](#notes-1){ref-type="notes"}).^[@ref48]^ Both analogues accumulated to significantly higher intracellular levels in *E. coli* than the parent salicyl-AMS compound, consistent with correlations between accumulation and size, hydrophobicity, and aromatic ring content identified using variants in the acyl region above. This suggests that accumulation correlates with structural and physicochemical properties independent of the exact chemical structure.

Overall, these multivariate analyses demonstrate that nonobvious factors other than hydrophobicity influence sulfonyladenosine accumulation in bacteria and that these correlations differ between bacteria with distinct membrane architectures. It is important to note that correlations between structural/physicochemical properties and accumulation may vary depending on compound class and thus, larger systematic analyses will be required to derive broadly predictive models.

Role of Efflux Pumps on Sulfonyladenosine Accumulation {#sec2.9}
------------------------------------------------------

To probe the role of efflux on accumulation of sulfonyladenosines across the three bacteria, cells were de-energized with CCCP prior to exposure to the compounds. To investigate the roles of specific transporters, *E. coli* was also treated with PAβN to inhibit the AcrAB-TolC transporter, and *B. subtilis* and *M. smegmatis* were treated with reserpine to inhibit the Bmr transporter and ATP-dependent transporters, respectively.^[@ref36],[@ref49]^

In *E. coli*, methyl succinyl-AMS (**5**), anthranilyl-AMS (**6**), and salicyl-AMS (**1**) accumulated to significantly higher levels in the presence of CCCP (Figure [7](#fig7){ref-type="fig"}A), but there were no obvious correlations between physicochemical properties and sensitivity to pmf-driven efflux. Intracellular levels of decanoyl-AMS (**10**) and 4-phenylbenzoyl-AMS (**9**) increased in the presence of the AcrAB-TolC specific inhibitor, PAβN. Since AcrAB-TolC is pmf-energized, we were surprised that the intracellular levels of these compounds did not increase in the presence of CCCP. Previous studies have demonstrated that, in addition to the specific inhibition of Mex-Opr transporters, PAβN permeabilizes the outer membrane of wild-type- and Mex-Opr-deficient strains of *P. aeruginosa*.^[@ref40],[@ref50]^ Thus, enhanced accumulation of the most hydrophobic sulfonyladenosines may involve this alternative mechanism in which PAβN permeabilizes *E. coli* to passive diffusion.

![Effect of efflux on the accumulation of 10 sulfonyladenosines in bacteria with distinct membrane architectures. Pretreatment of bacteria with efflux pump inhibitors (EPI) prior to incubation with the sulfonyladenosine (100 μM) in (A) *E. coli*, (B) *B. subtilis*, and (C) *M. smegmatis*. Compounds are arranged left to right in order of increasing ALogPs values. For each compound, data is normalized with respect to cellular concentration in the absence of the efflux pump inhibitor (no EPI). Statistical significance was assessed relative to bacteria not treated with EPI using one-way ANOVA and Tukey's multiple comparison test and 95% confidence intervals: \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001.](cb-2014-003015_0007){#fig7}

In *B. subtilis*, there was a clear correlation between aromatic ring content and sensitivity to pmf-driven efflux (Figure [7](#fig7){ref-type="fig"}B). CCCP significantly enhanced the accumulation of aroyl-AMS compounds (benzoyl-AMS (**8**) \> salicyl-AMS (**1**) \> 4-phenylbenzoyl-AMS (**9**)) but not of any of the aliphatic acyl-AMS congeners. Interestingly, while the accumulation of decanoyl-AMS (**10**) was unaltered by CCCP, it increased significantly in the presence of the Bmr-specific inhibitor reserpine. This is surprising because the Bmr transporter is energized by pmf, suggesting an alternative mode of action for reserpine. It is possible that reserpine inhibits an unidentified ATP-dependent efflux transporter in *B. subtilis* since it is a known inhibitor of ATP-dependent P-glycoprotein and PstB transporters found in mammalian cells and *M. smegmatis*, respectively.^[@ref49]^

In *M. smegmatis*, most compounds showed only modest increases (less than 2-fold) in accumulation when treated with CCCP, and in a few cases, accumulation surprisingly decreased (Figure [7](#fig7){ref-type="fig"}C). Similarly, most compounds displayed small increases in accumulation when ABC efflux pumps were inhibited with reserpine.

Taken together, these results highlight some of the complications associated with the use of efflux pump inhibitors due to their potential nonspecific and off-target effects. Studies with individual pump mutant strains may be more effective for probing the efflux sensitivity of various compounds in the future.

Multivariate Analyses of Sulfonyladenosine Structural Properties and Efflux Sensitivity {#sec2.10}
---------------------------------------------------------------------------------------

To determine if certain structural and physicochemical properties may sensitize sulfonyladenosines to efflux pump activity, we carried out PCA (Figures S13--S15, [Supporting Information](#notes-1){ref-type="notes"}) and Pearson analyses (Figure [8](#fig8){ref-type="fig"}) incorporating the normalized accumulation levels in the presence of efflux pump inhibitors.

![Heat map of Pearson pairwise correlation coefficients of efflux sensitivity and physicochemical properties. Positive correlations are in red and negative correlations are in blue; correlations in bold are statistically significant as assessed using a two-tailed unpaired *t*-test and 95% confidence intervals (*p* \< 0.05). See Figures S13--S15 ([Supporting Information](#notes-1){ref-type="notes"}) for corresponding PCA biplots.](cb-2014-003015_0008){#fig8}

In *E. coli*, there were no significant correlations between physicochemical parameters and sensitivity to pmf-driven efflux transporters (CCCP) (Figure [8](#fig8){ref-type="fig"} and Figure S13, [Supporting Information](#notes-1){ref-type="notes"}). Hydrophobicity and rotatable bonds correlated positively with sensitivity to PAβN, whereas polarity correlated negatively. In *B. subtilis*, PCA and Pearson analysis identified a positive correlation between ring content and sensitivity to pmf-driven efflux transporters (CCCP), whereas hydrophobicity positively correlated with sensitivity to the Bmr transporter (reserpine) (Figure [8](#fig8){ref-type="fig"} and Figure S14, [Supporting Information](#notes-1){ref-type="notes"}). In *M. smegmatis*, ring content correlated negatively with sensitivity to pmf-driven efflux pumps (CCCP) (Figures [8](#fig8){ref-type="fig"} and S15, [Supporting Information](#notes-1){ref-type="notes"}). Interestingly, ring content and hydrophobicity correlated positively with sensitivity to ATP-dependent transporters (reserpine).

Conclusions {#sec3}
-----------

The permeability of small molecules across bacterial membranes remains poorly understood, and the development of computational tools to predict compound penetration would represent a major advance in antibiotic drug discovery. Antibacterials have vastly different structural and physicochemical properties compared to those of nonantiinfective drugs, presenting an enigma to currently available tools developed for eukaryotic systems. Herein, we have described a quantitative, systematic approach to evaluate compound permeability prospectively in bacteria using a panel of sulfonyladenosines as an initial demonstration. Our cheminformatic analyses revealed nonobvious correlations between the uptake of sulfonyladenosines and physicochemical parameters that vary across bacteria with diverse membrane architectures. Within this sulfonyladenosine panel, hydrophobicity, ring content, and size positively correlated with *E. coli* accumulation, size, hydrophobicity, and molecular flexibility positively correlated with *B. subtilis* accumulation, and ring content positively correlated with *M. smegmatis* accumulation. Additionally, certain physicochemical descriptors correlated with the sensitivity of these sulfonyladenosines to efflux pumps, and these correlations also differed between bacteria.

Correlations between chemical structure and bacterial permeability may vary depending on compound class. Thus, while the results described herein are restricted in scope to the small panel of sulfonyladenosines evaluated, this platform can readily be extended to the prospective analysis of larger collections of compounds in diverse chemical classes and across other bacteria, including efflux and permeability mutant strains. Noting that [l]{.smallcaps}-lactyl-AMS and [l]{.smallcaps}-alanyl-AMS have similar properties but disparate accumulation levels, it may also be necessary to incorporate additional structural and physicochemical parameters beyond the 20 used herein and to consider potential idiosyncratic or chemotype-specific mechanisms for accumulation of specific functionalities that may lead to outliers.^[@ref47]^ Indeed, it is possible that nucleoside transporters may play a role in the intracellular accumulation of the sulfonyladenosines investigated herein. Ultimately, large-scale cheminformatic analysis of these data may enable the development of computational tools such as quantitative structure--accumulation relationship models to predict the permeability and efflux sensitivity of small molecules in pathogenic bacteria that represent a growing threat to human health.

Complete experimental procedures and analytical data for all new compounds. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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